ABSTRACT The pinned photodiode capacitance extraction method proposed by Goiffon et al. is discussed, and two additional new methods are presented and analyzed; one based on the full well dependence on photon flux and the other based on the full well dependence on transfer-gate off-voltage.
I. INTRODUCTION
The pinned photodiode (PPD) is the center piece of the active pixel CMOS image sensor (CIS) technologies [1] . The complete charge transfer enables correlated double sampling (CDS) and low-noise readout. The pinning layer shields the PPD from silicon surface defects and traps, leading to low dark leakage and white pixel counts.
For pixel cell engineering and CIS design, it is important to understand, and to be able to measure, the key parameters such as the PPD capacitance (C PPD ), the full well capacity (FWC), and the pinning voltage (V pin ). In this article, we focus on the extraction and estimation of C PPD . Unlike the floating diffusion (FD) capacitance which can be accurately measured by photon transfer curve (PTC) method [2] , there is no convenient way to measure C PPD directly. Fig. 1 shows the 2-by-2, 4-shared pixel structure in a 1.1um pitch, backside illuminated (BSI), 3-megapixel, Bayer patterned color sensor with on-chip 12-bit global pipeline ADCs operated at 32MHz pixel clock, where RST is the reset nMOS and SF is the source follower. Two adjacent photodiodes PPD1 and PPD2 are separated by a p-type isolation barrier. Each photodiode is isolated from FD by a lateral overflow barrier under the control of the transfer gate (TG). In order to suppress dark leakage, the transfer-gate off-voltage (V TGL ) is biased to −1.2 V during charge integration such that the TG channel is under the accumulation condition [3] . The nominal pixel supply is 2.8 V.
II. DEVICES UNDER TEST
A simplified operation timing diagram from PPD reset, charge integration, to PPD readout is shown in Fig. 2 . During the normal operation mode, the exposure time t exp is set by programmable rolling-shutter control logic, and the PPD is fully depleted after the PPD reset. During a dark PPD inject test mode, similar to what was described in [4] , the exposure time is set to zero and the PPD voltage is set to an externally adjustable voltage V inj , shown as the dashed line in RSTV waveform. In other words, the charges are electrically written to the PPD in the test mode and read out subsequently as in normal operation. Fig. 3 shows the measured Q-V data from PPD inject test mode and the corresponding differential C PPD calculated as dQ/dV at various transfer-gate on-voltages (V TGH ).
III. C PPD EXTRACTION FROM Q-V CURVES
Apparently, the Q-V curves do not show any linear regions, which suggests that C PPD is not a constant, but highly voltage-dependent. There is no well-defined knee region [5] for precise V pin extraction, neither. The Q-V characteristics is different from what were reported in [4] and [5] probably because of the differences in technology nodes, pixel sizes, and detailed cell structures. As shown in Fig. 3 , the differential C PPD varies from zero near empty to roughly 1.0 fF near full well, with an average around 0.53 fF, which is close to the 0.50 fF calculated from TCAD simulation.
It is important to point out that the charge spill-back from the TG channel and clock feedthrough from the on-off transitions of the TG affect the interpretation of the measured data. Especially for small pixels, the total amount of channel 2168-6734 c 2014 IEEE. Translations and content mining are permitted for academic research only.
Personal use is also permitted, but republication/redistribution requires IEEE permission. VOLUME 2, NO. 4, JULY 2014
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. 59 charges stored under the TG is significant compared to the FWC of the PPD; therefore, cannot be ignored. The Q-V curve in Fig. 3 shows a clear dependence on V TGH . The clock feedthrough portion ( V CK ) can be estimated by the formula below, where C GS,TG is the gate-to-source capacitance of the TG,
However, the amount of charge spill-back is more difficult to estimate, since it depends on the voltages of PPD, FD, V TGH , V TGL , and the slew rates of the on-off transitions. Further analysis and calibration of the Q-V characterization to take into account both of the charge spill-back and clock feedthrough is required. Fig. 4 shows the green (G) pixel response curves under a 550 nm narrow-band green light as functions of the photon fluence at various light intensities. Under the condition of V TGL = −1.2 V, the isolation barrier is lower than the lateral overflow barrier. As photon fluence increases, the green pixel reaches a first saturation level FWC1, determined by the isolation barrier height. Excess photo carriers from saturated G pixels spill into neighboring unsaturated red (R) and blue (B) pixels, causing blooming [6] . As photon fluence continues to increase, when the R and B pixels are also saturated, a second saturation level FWC2 is reached, which is determined by the higher lateral overflow barrier. Accordingly, 3 operation regions are clearly identifiable in In real applications, sensors are primarily operated in the linear region. It is the first saturation level FWC1, not the second saturation level FWC2, that determines the maximal charge handling capability of a color sensor. It should be noted that the existence of 2 different saturation levels were not reported in previous studies using monochrome sensors [3] , [4] , [5] , [7] . The first saturation level FWC1 in Fig. 4 , can only be observed in color sensors when a specific color is selectively saturated while the neighbor 60 VOLUME 2, NO. 4, JULY 2014 pixels remain under-saturated [6] . Fig. 5 shows both saturation levels FWC1 and FWC2 are linearly dependent on the logarithmic of photon flux [7] .
IV. FULL WELL CAPACITY VERSUS PHOTON FLUX

V. FULL WELL CAPACITY VERSUS TRANSFER-GATE OFF-VOLTAGE
The lateral overflow barrier between PPD and FD can be modulated by transfer-gate off-voltage (V TGL ). The G and R response curves under a 550 nm green light as functions of integration time are shown in Figs. 6 and 7, respectively. When V TGL is approximately more negative than −0.44 V, the overflow barrier is higher than the isolation barrier. In Fig. 7 , charge spill from saturated G pixel to R pixel in region (ii) causes abnormal increase of R responsivity [6] .
The ratio of the R slope change from region (i) to region (ii) vs. the G slope in region (i) may be defined as the blooming percentage, which is a useful index to benchmark pixel performances in various layout designs and process split experiments [6] . When V TGL are raised to approximately −0.44 V, the isolation and overflow barrier heights become roughly equal. The blooming from G to R in region (ii) is no longer observable as V TGL goes more positive; the R slope in region (ii) remains approximately the same as that in region (i). The two saturation levels FWC1 and FWC2 merge into one. As V TGL continues to increase above −0.44 V towards 0 V, the saturation level decreases linearly and is dominated by the reduced overflow barrier.
Simplified electronic potential profiles and charge diagrams of 2 adjacent photodiodes corresponding to the 4 operation conditions labeled by A, B, C, and D in Figs. 6-8 are illustrated in Fig. 9 .
The full well capacities in 0 V, TG is in depletion mode; both of the overflow barrier height and the FWC decrease linearly as V TGL increases.
VI. ANALYTIC PHYSICAL MODELS
When the full well condition is determined by the isolation barrier between adjacent photodiodes, the photocurrent I ph is balanced by a p-n junction current as described in (2), where V FW is PPD voltage at full well, φ ph is the photon flux, I sat is the reverse saturation current, n s is non-ideality factor, v th is the thermal voltage, η is the effective quantum efficiency,
When the full well condition is determined by the TG lateral overflow barrier, the photocurrent is balanced by a TG subthreshold current, which may be described by a simplified piecewise function (3) & (4) below, where I d0 is a proportional constant of the subthreshold current and n d is a subthreshold slope constant:
The V ACC is assumed to be the boundary voltage between the accumulation mode and the depletion mode of the TG. When V TGL is less than the threshold voltage V T but higher than V ACC , TG is depleted or weakly inverted; the subthreshold current is approximately an exponential function of V TGL as in (3) . When V TGL is lower than V ACC , TG is biased into the accumulation mode, further decreasing V TGL would not change the TG channel potential anymore; it only increases the voltage difference across the TG gate oxide. In other words, once TG is in accumulation, the overflow current becomes independent of V TGL as in (4) . The V T dependence on V FW may be approximated to the first order by (5) , where α is a body effect coefficient:
Under the constant C PPD approximation, FWC can be estimated as:
Combining (2), (3), (4), (5), and (6), a simple formula of FWC as a function of photon flux φ ph and V TGL can be derived as [7] :
when isolation barrier determines the FWC;
when overflow barrier determines the FWC and V TGL > V ACC ;
when overflow barrier determines the FWC and V TGL < V ACC . Based on the analytic relations (7), (8) , and (9), C PPD can be extracted from the data plots in Fig. 5 and Fig. 8 as follows. From the linear fit of FWC1 versus logarithmic photon flux in Fig. 5 , we can obtain (n s C PPD ) based on (7) . With the estimated n s ≈ 1.05, the calculated C PPD is approximately 1.18 fF for FWC in the interval of (4550e, 5400e). From the linear fit of FWC2 versus logarithmic photon flux in Fig. 5 , we can obtain (n d C PPD )/(1 + α) based on (8) . With the estimated n d ≈ 1.32 and α ≈ 0.30, the calculated C PPD is approximately 1.17 fF for FWC in the interval of (5350e, 6100e). Furthermore, from the linear fit of FWC versus V TGL in Fig. 8 in the region of V TGL = −0.5 V to 0 V, the C PPD /(1 + α) can be extracted based on (8) . The estimated C PPD is 1.01 fF, corresponding to the FWC range of (2700e, 4700e). The values of n s , n d , and α are based on data measured from test-key devices.
VII. CONCLUSION
The FWC dependency on transfer-gate off-voltage and photon flux in both isolation-barrier dominated or overflowbarrier dominated cases are explained by physical models and measured data are analyzed by analytic equations.
Three methods of C PPD extraction using 1.1um pixel, 3MP test chips were investigated and compared: (a) from the 62 VOLUME 2, NO. 4, JULY 2014 Q-V measurement by electrical injection of charges to PPD; (b) from the FWC dependence on photon flux; (c) from the FWC dependence on V TGL . Data from (a) suggest that the C PPD may be highly nonlinear and voltage dependent. Therefore, the extracted C PPD values are understandably different by different methods, since the full well conditions and the dominant barrier heights are different in each case. The extracted C PPD is higher for conditions with larger FWC. This is consistent with the fact that a junction capacitance is larger when less depleted [8] . The average C PPD from the measured Q-V data matches reasonably well with the TCAD simulation result. With currently available data, it is difficult to compare the nonlinearities of the full-range Q-V curves measured by method (a) in Fig. 3 to the curves in Fig. 8 measured by method (c) for two reasons. First, we do not have good ways to calibrate out the charge spill-back in method (a) experimentally. Second, the range of measurable PPD charge is limited in method (c) because of the constraint on V TGL . When V TGL is increased towards or above 0 V, the dark leakage increases significantly such that the FWC below 2700e cannot be measured accurately.
In order to get a more precise PPD Q-V characteristics via measurements, a refined modeling of the charge spill-back as a function of PPD voltage, FD voltage, TG channel potential, TG transition slew rate, TG clock feedthrough, as well as a more accurate TG body effect is needed as a future work. A full 3D TCAD simulation to account for the measured data in details is also a challenging and ongoing task. 
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